The Transient Receptor Potential Vanilloid Channel subfamily member 5 (TRPV5) is a highly selective calcium ion channel predominately expressed in the kidney epithelium that plays an essential role in calcium reabsorption from renal infiltrate.
Introduction
The Transient Receptor Potential Vanilloid subfamily member 5 (TRPV5) * is a highly-selective epithelial Ca 2+ ion channel, predominately expressed in the apical epithelial membrane at the distal convoluted and connecting tubule of the kidney .
In the human kidney, approximately 95-98% of filtered Ca 2+ is reabsorbed along renal tubules . TRPV5 constitutes the apical entry gate for the transcellular reabsorption of Ca 2+ along the tubule and thus plays a central role in reabsorption of Ca 2+ . Gene knock-out studies showed that the ablation of TRPV5 results in a dramatic reduction of renal Ca 2+ intake which concomitantly induces a compensatory hyperabsorption of dietary Ca 2+ and bone abnormalities . As TRPV5 is essential for the total body Ca 2+ -homeostasis, its activity at the membrane is tightly regulated at the expression , trafficking and the level of turnover .
When present at the plasma membrane under physiological levels of the membrane potential TRPV5 is constitutively open, resulting in a gradient-driven Ca 2+ transport into the cell . In order to be protected from the toxic influx of extracellular Ca 2+ , electrophysiology studies demonstrated that TRPV5 employs a fast negative feedback gating mechanism, inactivating the channel upon elevated local intracellular Ca 2+ concentration . Several proteins that directly interact with TRPV5 intra-cellularly have been identified, including ones that also can bind Ca 2+ .
Examples of these are S100A10 , , where the latter was identified as a crucial factor in the Ca 2+ -dependent inactivation of TRPV5.
Calmodulin is a highly conserved, ubiquitous Ca 2+ -binding protein, essential as an intracellular Ca 2+ sensor and regulator of the activity of many ion-channels in all eukaryotic cells. Functional CaM is comprised of 148 residues and has a dumbbell shaped structure formed by two domains, or lobes (subsequently denoted as the Nlobe and C-lobe), which are connected by a flexible linker region .
For TRPV5, it was shown that the truncation of thirty of its C-terminal residues dramatically diminished Ca 2+ -dependent inactivation of the channel . In silico prediction followed by subsequent biophysical characterization identified five putative CaM binding sites in the TRPV5 N-and C-terminal tails . The most distal of these CaM binding regions at the C-terminus was shown crucial, as point mutants lacking CaM binding exhibited reduced Ca 2+ -dependent inactivation . The closely related TRPV6 channel displayed a similar dependancy on CaM binding to the analogous region at its C-terminus . Other members of the TRP family, i.e. for TRPC1 , TRPV1 , and TRPV4 , also showed a desensitization of the Ca 2+ -dependent negative feedback mechanism upon truncation of their C-terminal CaM binding sites. For TRPV2, CaM was shown to directly bind the intracellular Cterminus . Taken together, these studies indicate that for TRPV5, binding of CaM to the C-terminal binding site is essential for the fast Ca 2+ -dependent inactivation of the channel. However, the molecular mechanism(s) by which CaM interacts with the TRPV5 terminus and exerts its inactivating mechanism remains unclear.
Atomic resolution structures of the N-terminal and membrane-spanning parts of the TRPV1 , TRPV2 , TRPV5 and TRPV6 channels have confirmed the predicted tetrameric assembly of the TRPV channels in analogy of the potassium and calcium ion channels. The structures have yielded invaluable knowledge on the ion-binding sites, pore structure, the location of the N-terminal Ankyrin repeat domains and the rearrangements of the membrane-spanning moieties leading to channel closure. However, in all structures the C-terminal parts of the channels were either omitted from the expression vectors or no data was obtained. Thus, the calcium-dependent regulation by CaM remains enigmatic.
Recently, Bate et al. proposed a novel three-step regulatory model for TRPV6
inactivation by CaM. According to this model, at basal intracellular Ca 2+ levels the TRPV6 C-terminus could be constitutively bound to the CaM C-lobe. Upon elevated Ca 2+ , additional interactions between the TRPV6 C-terminus and CaM N-lobe occur, which leads to a CaM-TRPV6 complex in which CaM bridges two TRPV6 channel C- Protein concentrations were determined from the UV absorbance at 280 nm, A280
(Eppendorf BioPhotometer plus) using the extinction coefficients ε(CaMWT/12)=2980
M -1 cm -1 , ε(TRPV5 655-725 )=5500 M -1 cm -1 as determined by the ProtParam Tool (http://web.expasy.org/protparam).
Analytical gel filtration
Recombinant CaM and TRPV6 proteins were dialysed into gel filtration buffer (20 mM Tris-Cl pH 8.0, 150 mM NaCl and 2 mM DTT). Complexes were formed in the presence of 10 mM Ca 2+ at room temperature for 30 minutes. Analytical gel filtration chromatography was carried out using a Superdex75 (10/300) column (GE Healthcare) pre-equilibrated and then run in gel filtration buffer.
NMR spectroscopy and sample preparation
The CaM:peptide complex under a low [Ca 2+ ] (100-300 nM) was achieved by repeated dialysis: first against 20 mM Tris-Cl pH 7.4, 2 mM EGTA pH 8.0, and subsequently against 20 mM Tris-Cl pH 7.4. The effective [Ca 2+ ] was estimated on the basis of ionic composition listed by the manufacturer of our chemicals used for preparation of the buffer. All other CaM:TRPV5 complexes were prepared using the following steps: FPLC Q-column CaM and TRPV5 protein fractions were separately dialyzed against NMR buffer (20 mM Tris pH 7.4, 50 mM KCl, 10 mM CaCl2); the concentration was determined and components mixed at the required ratio; protein complees were concentrated using a 3.5 kDa molecular weight cut-off centricon Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 filter (Millipore, USA). CaME and the CaME:TRPV5 co-expression complex were dialyzed against (pH 7.4, 60 mM KCl, 20 mM Tris). All NMR samples contained 5% v/v D2O.
NMR spectra recording, processing and assignment
The NMR spectra were recorded at 35 °C on Bruker 500 MHz AVI, 600 MHz AVIII, 600 MHz AVIII HD, or 800 MHz AVII spectrometers; the 600 MHz and 800
MHz spectrometers were equipped with CryoProbes. NMR data processing and analysis were performed using the NMRPipe , TOPSPIN v3.1 and CcpNmr
Analysis and AnalysisAssign software. Non-uniformly sampled 3D and 4D spectra were reconstructed using the istHMS software . were set to 2 Å and 3 Å, respectively.
The NOESY peaks lists were automatically assigned during seven cycles of automated assignment and structure calculation using CYANA/CANDID protocol. In each cycle, 120 structures were generated and energy minimized using 15,000 simulations steps. The NOESY spectra parameters were calibrated in the first cycle.
Quality of the calculated structural NMR ensemble was analysed and validated with the CING suite available at the iCing webserver (https://nmr.le.ac.uk) . The 20 lowest energy conformers were subsequently subjected to a final round of refinement using YASARA in two stages. In the first stage, the CYANA structures
were subjected to refinement in explicit solvent using a regular flat bottom harmonic well restraints potential with the upper limits from the CYANA consensus restraints. The resulting refined ensemble was then used in combination with the peak volumes to calibrate Log Normal target distances according to the method, suggested by Bardiaux et al. . In the second stage these target distances were used for further explicit solvent refinement of the structures using log-normal potentials . A table of structure quality metrics, based on the iCing report was assembled as recommended by the wwPDB NMR Validation Task Force .
Results
Previously, we probed the minimal TRPV5 binding sites using short peptides . Here, we employed the longest soluble TRPV5 C-terminal construct residues 655-725, denoted as TRPV5 , to examine its interactions with CaM.
Comparison of the 15 N-HSQC spectra of the CaMwt complex of the longer 655-725 construct used in this study with the complex of the short peptide used previously, shows notable differences ( Fig. S1A ), suggesting additional effects caused by residues outside the previously postulated binding region. Also, for the paralogue TRPV6 it was established that the flanking residues were crucial in CaM-dependent inactivation . Consequently, this renders our current, longer construct a better model for studying the CaM-TRPV5 interaction.
We first set out to establish the nature of the CaM-TRPV5 interaction under low [Ca 2+ ]. Both N-and C-CaM lobes contain two EF hands (helix-loop-helix motifs)
that together can bind up to four Ca 2+ ions per molecule of CaM 15 . Despite the high sequence similarity of the two globular domains, it was shown in vitro that Ca 2+ ions binds to the CaM C-lobe with a positive cooperativity and individual macroscopic equilibrium dissociation constants (Kd) between 25 and 200 nM, whereas approximately 6 times lower affinity for the N-lobe was reported . Consequently,
given that the resting cytosolic concentrations of free Ca 2+ in the epithelial cells is about 100 nM , the CaM C-lobe is expected to be at least partially Ca 2+ loaded at basal conditions, whereas the N-lobe is fully Ca 2+ -loaded only under conditions of significant calcium influx. In order to investigate the interactions of TRPV5 and CaM under representative basal cellular conditions, we purified 15 N-CaMWT from E.coli where neither exogenous Ca 2+ , nor Ca 2+ -chelating agents were added during protein purification (denoted as CaME). The 15 N-HSQC spectrum of CaME reveals that it exists as a heterogeneous mixture under these conditions, that can be readily resolved by the subsequent addition of excess Ca 2+ (Figs S2A-C). In accordance with the ~6 fold higher affinity of the CaM C-lobe for Ca 2+ compared to the N-lobe, the spectra show that Ca 2+ binds initially to the CaM C-lobe predominantly, followed by binding of Ca 2+ into the N-lobe. Moreover, only 2.5 equivalents of Ca 2+ are required to convert one CaME to a fully Ca 2+ -loaded state ( showing that each CaME moiety is on-average loaded with ~1 Ca 2+ ion. Since the intracellular concentration of free Ca 2+ in E.coli is ~90 nM , which is approximately the same as determined for renal epithelial cells , we believe CaME to be a good representative of resting free intracellular CaM.
Next, as a proxy for complex formation under cellular conditions we used a transcriptional fusion to co-express His6-CaM and a tag-less TRPV5 655-725 C-tail in Fig. 1 and Figs S2D-H) . The spectra showed that the sample comprised a heterogeneous mixture of both free CaME and CaME bound to TRPV5, which displayed a differential behaviour upon addition of exogenous Ca 2+ (Fig. 1A) . We used the relative intensities of representative cross-peaks as a proxy for the presence and/or dynamic exchange of Ca 2+ in these different states. The signals from the CaME C-lobe in complex with TRPV5 655-725 are unaffected by increasing [Ca 2+ ] (Fig. 1B) , indicating that the C-lobe has effectively sequestered Ca 2+ in both its Ca 2+ -binding sites. In contrast, the signals of free, i.e. non-complexed, CaME C-lobe show a steady increase in intensity (Fig. 1C) , with its maximum reached after the addition of 3 equivalents of Ca 2+ , similar to that previously seen for CaME in isolation. Hence, the behaviour of CaME under resting cellular [Ca 2+ ] is very different depending on whether it is in complex with TRPV5 . In the absence of TRPV5 , CaME exists in a mixture of calcium bound states; however, the presence of TRPV5 655-725 stabilises the fully Ca 2+ -loaded C-lobe. Therefore, we conclude that at basal conditions the tail of the TRPV5 channel can be bound to a fully Ca 2+ -loaded C-lobe.
To test our ability to reproduce these results under in vitro conditions we first generated CaMWT:TRPV5 697-712 complexes at fully-apo, basal and elevated intracellular Ca 2+ concentrations and recorded 15 N-HSQC spectra (Figs 1D,E).
Careful comparison of these spectra shows that under basal cytosolic Ca 2+ concentration, the CaMWT C-lobe again appears in a Ca 2+ -loaded and bound state, whereas the data are consistent with an N-lobe devoid of Ca 2+ or TRPV5 interaction. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In order to study the larger and more representative CaM:TRPV5 complex at low Ca 2+ concentration in a highly controlled and reproducible fashion, for NMR experiments we employed a previously described E32Q/E68Q N-lobe double mutant, denoted as CaM12, which prevents the N-lobe from binding Ca 2+ while retaining the full Ca 2+ binding capacity for the C-lobe . First, binding of this Nlobe functional mutant to TRPV5 655-725 was studied by analytical gel-filtration at high-Ca 2+ conditions along with the CaM34 and CaM1234 mutants, * E ; Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 but relevant perturbations for the CaMWT N-lobe. Remarkably, the magnitudes of the C-lobe perturbations are very similar for CaM12 and CaMWT, with the very large shifts observed for residues Phe92, Ala128 and Met144, which are located in the hydrophobic binding-pocket of the CaM C-lobe . In contrast, upon addition of an excess amount of TRPV5, an additional set of perturbations was observed only for the residues from the Ca 2+ -loaded N-lobe of CaMWT, with no observable effects for the N-lobe of CaM12 (Figs 2E,F) . These CSP data illustrate the asymmetry in the interaction of TRPV5 with the CaM N-and C-domains and provide strong evidence that the formation of the complex between the CaM C-lobe and TRPV5 C-terminus plays a central role in the TRPV5 inactivation mechanism.
Structure of the CaM12:TRPV5 655-725 complex
We aimed to establish the atomic basis of the TRPV5-CaM interaction under low Ca 2+ conditions, and therefore set out to solve the structure of the CaM12:TRPV5 655-725 complex by high-resolution solution NMR spectroscopy. To assign the side-chain resonances, H(C)CH-and (H)CCH-TOCSY and 13 C-NOESY spectra were collected for the complex and analysed in combination. Resonance assignments were achieved for 95% of side-chain atoms from the CaM12 moiety of the complex (Fig. S4A ).
In-silico order predictions for TRPV5 by the PONDR server suggests that the TRPV5 cytoplasmic sequence is predominately intrinsically disordered, with only the TRPV5 700-708 region predicted to be α-helical (Fig. S4B) . Indeed, tripleresonance data recorded for 13 C/ 15 N-labelled TRPV5 655-725 in complex with unlabelled CaM, yielded data indicative of wildly varying motional regimes often compromising spectral quality (not shown). However, by combining direct 13 Cdetected and conventional heteronuclear methods for the CaM12: 13 C-15 N-TRPV5 655-725 sample, 100% of backbone and 87% of side-chain resonances were assigned for the structured region. Overall, 52% of the backbone and 42% of the side-chain proton resonances were assigned for the full TPRV5 moiety of the complex. In order to obtain the NOE distance restraints within and between the two chains of the complex, a series of 3D and 4D NOESY experiments (see Table S1) were collected and analysed for the different samples with different selectively isotope-labelled moieties of the complex. Individual NOE strips of 3D 13 C-NOESY and 15 N-NOESY spectra, collected on the different samples, were manually inspected and cross-peaks consistent with intermolecular NOEs were identified. Interestingly, and in contrast to the expectations derived on the basis of the CaM-TRPV1 complex , neither intermolecular NOEs between TRPV5 655-725 and the CaM N-lobe residues, nor long-range intermolecular NOEs between the CaM N-and C-lobes residues were observed, indicating the absence of any intramolecular contacts between the C-and N-lobes of CaM. In contrast, numerous intermolecular NOEs between the CaM C-lobe and the helical region of TRPV5 were identified in the 13 C-NOESY spectra (Fig.   3 ). The 13 C-aromatic-NOESY spectrum displayed characteristic NOE cross peaks between Trp701 and the methyl groups of CaM12 Ile100 (Fig. 3A) . The symmetric NOE was also observed at the Ile100 Cγ strip in the 13 C-NOESY-HSQC experiment (Fig. 3A) , collected for the reciprocally labeled sample 1 (see Table S2 .1). Similarly, NOEs were also observed between the TRPV5 Trp701 and other hydrophobic C-lobe residues, namely Ala128 and Met144. In accordance, these CaM12 residues demonstrate the highest CSP values upon binding of TRPV5 (Fig. 2C) . Trp701 was previously identified as a key residue for the interaction , and the observation of multiple intramolecular NOEs confirms that Trp701 anchors the TRPV5 C-terminal helix to the hydrophobic pocket of the CaM C-domain. Similarly, symmetric NOEs were also observed for Leu704, interacting with Phe92, Val108
( Fig. 3B) , Met109, and Phe141. In addition, intermolecular NOEs were found between the Methyl-protons of residues Ala88 and Val108 of CaM12 and TRPV5 residue Thr708, flanking the predicted helical region of TRPV5 (Fig. 3C ).
The list of 16 upper limit restraints, derived from these unambiguously assigned intermolecular NOEs, together with a set of 268 dihedral angles restraints, generated using both TALOS+ and DANGLE software packages, and the otherwise unassigned NOESY peaklists were used in structure calculations, performed with Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 CYANA/CANDID . The program automatically generated 1804 unique NOE distance restraints from the available peaks (Table 1) Table   1 for structure calculation statistics). In accordance with the previously discussed NOE data, no contacts were found between the CaM12 N-lobe and TRPV or CaM C-lobe, resulting in adoption of scattered conformations of the N-lobe with respect to the C-lobe (Fig. 4A) . Predictably, the absence of inter-molecular restraints between the N-lobe and TRPV5 655-725 , leads to significantly higher values of the pairwise mean square deviation in the ensemble for the CaM12 N-lobe residues, with respect to the C-lobe residues (2.1 Å vs. 1.2 Å, respectively).
The structure of the complex shows that CaM12 interacts with TRPV through its C-lobe in an anti-parallel mode, with TRPV residues Gly700-Leu709 in a helical conformation and a topology similar to those reported for other CaM complexes, such as those with the Munc peptide or the HIV-1 Matrix protein . The major stabilizing factor for the interaction between the CaM C-lobe and TRPV [700] [701] [702] [703] [704] [705] [706] [707] [708] [709] is the deep anchoring of the Trp701 and Leu704 side chains into the C-terminal hydrophobic pocket of CaM (Figs 4C,D) . In accordance with numerous NOE crosspeaks, the indole ring of the Trp701 is in close proximity to residues Phe92, Ile100, Leu105, Ala128, Phe141 and Met144 (Fig. 4C) . The methyl groups of Leu704 in the centre of the helix interact with the side chains of CaM12 residues Phe92, Leu105, Val108 and Met109. The third key residue Thr708, located at the C-terminal end of the structured TRPV5 655-725 region, is inserted deep into the hydrophobic cleft between the helixes α5 and α6 of CaM12, where it contacts residues Ala88 and Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Val108 and thus, determines the orientation of the TRPV5 helix along the CaM12 helix α5 (Fig. 4E) . Interestingly, the side-chain of Arg705 is packed between the side-chains of residues Met144 and Met145. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (Fig. 5A ).
According to the structure and CSP data reported above, CaM12 is engaged with TRPV5 655-725 using its C-lobe only. In agreement with this finding, its C-lobe τc value distribution is shifted to ~9.8 ns (Fig. 5B) , arguably due to the increased mass and anisotropy, whereas the N-lobe shows a different and much smaller increase to ~8 ns. Presumably, this increase from 6.4 ns is caused by the increased drag exerted by the C-lobe now bound to the extensive TRPV5 655-725 moiety. The results, however, clearly indicate an independent dynamical behaviour of the two lobes in agreement with the absence of domain tethering. In contrast, the 1:1 CaMWT:TRPV5 complex is expected to behave as one, tightly bound species and indeed, its N-and Clobe τc value distributions (Fig. 5C ) are now both similar and higher when compared to either native CaM or the 1:1 CaM12:TRPV5 655-725 complex and correspond to the motion of a monomeric molecule with an effective mass of ~20 kDa.
In order to assess the dynamics of the TRPV5 moiety of the complex with CaM12, we also measured the relaxation rates for the 1:1 15 N-TRPV5 : 15 N-CaM12 sample. For the fifteen distinct assigned amide nitrogen atoms of TRPV5 , the values of local correlation times were obtained (Fig. S5C) . Noticeably, a distinct group of residues, either within the TRPV5 helix or predicted to be α-helical (Q706, 
Discussion
Our current study dissects the interaction between the TRPV5 C-terminus and CaM, thus identifying the tethering of CaM C-domain to TRPV5 monomer as a structural determinant of this interaction under low Ca 2+ -conditions. The interaction between either TRPV5, or the closely related TRPV6, and CaM has been Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 studied previously, both in vitro and in a cellular context . Functionally similar CaM binding sites have also been identified in the vanilloid family members TRPV1 and TRPV4 , suggesting a common regulatory mechanism.
In the recently published crystal structure of CaM in complex with the conserved C-terminal TRPV1 region, CaM forms a 1:1 complex with a canonical compact conformation, wrapping around the α-helical TRPV1 C-terminus peptide using both N-and C-lobes . Surprisingly, previous 15 N-HSQC analyses of the 15 NСaM chemical shift differences upon titration with a short C-terminal TRPV5
peptide, already revealed a non-canonical mode of interaction between the peptide and CaM, with an unusual 1:2 stoichiometry and more prominent effects observed for the CaM C-lobe . These findings were also confirmed by ITC measurements and observed for the paralogue TRPV6 . In this current study we confirmed this unusual mode of interaction for longer TRPV5 fragments, alleviating the possibility that these effects originated from the insufficient length of the peptides. In contrast with the earlier TRPV5 work, however, we find that additional residues outside the previously defined minimal binding motif play an important role, affecting the patterns of interaction with CaM, as observed via NMR spectroscopy.
Our current studies also identify the tethering of the CaM C-lobe to the TRPV5 C-terminus as a crucial binding interaction. Indeed, the CSP values of the CaM C-lobe residues upon titration of TRPV5 are dramatically higher than those observed for the N-lobe residues and are nearly identical for both the wild-type CaM and the mutant CaM12. As the latter is unable to bind Ca 2+ by its N-lobe, we concluded that the CaM C-lobe, loaded with Ca 2+ even at basal intracellular Ca 2+ levels, mediates the interaction between TRPV5 and CaM (Fig 1, Fig. S2 ). Crucially, we established that 1 H-15 N-NMR spectra of CaM purified under Ca 2+ -free conditions in complex with TRPV5 655-725 showed highly similar positioning of its C-lobe crosspeaks, indicative of the same structural arrangement as observed for the CaMWT and CaM12 complexes, whereas most of its N-lobe cross-peaks were either shifted or even had disappeared altogether.
To establish the molecular basis of the CaM12:TRPV5 complex, we solved its high-resolution solution structure and identified the key intermolecular interactions Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 that define the complex (Fig. 4) CaM displays a remarkable variability in its interactions with target sequences . The positioning of the Trp-X-X-Leu-Arg-X-X-Thr CaM-C-lobe interacting residues in TRPV5 constitutes a short, high-affinity CaM-binding motif, which appears to be a shorter variation of the previously described 1-5-8-14 CaMbinding motif . In the structure of the CaM12:TRPV5 complex, the 14 th residue, i.e. Our NMR relaxation studies of the unbound CaMwt, CaMwt:TRPV5 655-725 and CaM12:TRPV5 655-725 complexes showed independent dynamic behaviour of the two lobes for both these complexes and support the absence of domain tethering in the latter complex (Fig. 5) . The increased correlation times for the CaMwt:TRPV5 complex, when compared to the unbound CaMwt and CaM12:TRPV5 655-725 , confirm the formation of a single complex for the wild-type, involving both lobes in the interaction.
Altogether, our results establish a coordinating and crucial role of the CaM Clobe in the formation of a high-affinity complex with the TRPV5 C-terminus under low-Ca 2+ conditions. It is tempting to speculate that CaM could be pre-bound to the TRPV5 intracellular C-terminus in vivo when the channel is an active state. At first glance, this idea appears to be in disagreement with a previous cellular study that implied a dynamic association between CaM and the related TRPV6 channel .
However, the latter study used a CaM1234 mutant, defunct in Ca 2+ binding for both the N-and C-lobes, rather than the CaM12 mutant used in our study. As also observed for the TRPV6 C-tail , CaM1234 abrogates all interaction with the TRPV5 Ctail as probed by our gel-filtration assays (Fig. S3) . A pre-association between CaM Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and an intracellular channel terminus has previously also been postulated for the SK channels , P/Q-type calcium channels and voltage-gated sodium channels .
The TRPV5 C-tail is predicted and proven to be partially unstructured ( Fig.   S4 ) and the fragment used in this study is absent in the X-ray and EM structures of TRPV5, TRPV6, TRPV2 and TRPV1. We envision that the inherent flexibility is essential for the formation of the 1:2 CaM:TRPV5 complex as postulated by the model of Bate et al. , where the bridging of two TRPV5 tails by CaM leads to channel inactivation. Interestingly, TRPV5 is capable of functioning as heterotetramer with TRPV6, suggesting that the C-tail behaviour should be similar. Indeed, TRPV6 has similarly unstructured regions and the 1-4-8 CaM C-lobe interaction motif is conserved between the two channels.
In conclusion, we propose our CaM12:TRPV5 
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